Introduction
============

Ever since first discovered by AB Lerner in 1958, N-acotyl-5-mothoxytryptamine (melatonin), an ancient molecule known as the gatekeeper of circadian clocks, has received overpowering attention in science, medicine and also social media.[@b1-ijn-12-7351]--[@b4-ijn-12-7351] In the past 2 decades, except for numerous highly cited reviews and technical papers on melatonin published, significantly, it is worth noting that 2 bibliometrics studies on this molecule have been published in 1996 and 2016, suggesting that melatonin is expected to gain even more attention within the near future.[@b5-ijn-12-7351],[@b6-ijn-12-7351] It has been widely accepted that melatonin displays an important role in various biological functions and a compelling body of evidence has outlined the relevant performances of melatonin to human physiology and pathology.[@b7-ijn-12-7351]--[@b9-ijn-12-7351] Except for the involvement in so many physiological functions, the anticancer effect of melatonin has been recognized based on the in vitro, in vivo and the clinical data.[@b10-ijn-12-7351]--[@b12-ijn-12-7351] For example, Kubatka et al has reported that melatonin significantly decreased tumor volume in rats by 67% compared with untreated controls in chemically induced mammary carcinoma model.[@b13-ijn-12-7351] Moreover, melatonin also has been shown to enhance the efficiency of chemotherapeutic compounds, tumor necrosis factor-related apoptosis-inducing ligand, photodynamic therapy, ionizing radiation and hyperthermia (melatonin and hyperthermia).[@b14-ijn-12-7351],[@b15-ijn-12-7351]

Among various types of cancer cells which demonstrate anti-cancer effect under the melatonin treatment, breast cancer cells have attracted great attention and is, so far, one of the most widely studied cell lines. Breast cancer is one of the most frequently occurring cancers, and one of the leading causes of death among women aged 40--55 years.[@b16-ijn-12-7351] For breast cancer treatment, though a certain degree of success has been achieved by the current modalities, including chemotherapy, radiotherapy, hyperthermia (or thermotherapy), gene therapy or biotherapy,[@b17-ijn-12-7351]--[@b21-ijn-12-7351] etc, the single-mode treatment is by far the optimal strategy for cancer treatment due to dose limitation or the resistance of cancer cells to specific modality. A rational combination of the aforementioned protocols (for instance, chemotherapy combined with radiotherapy, or biotherapy combined with hyperthermia, etc) has been investigated for the enhancements or synergistic effects that may significantly improve the therapeutic effect and reduce the side effect in the meanwhile.[@b22-ijn-12-7351],[@b23-ijn-12-7351] Recently, nanoparticles (NPs) for therapeutic carriers have aroused continuous interest as the particles in nanoscale normally possess high surface area and enable sophisticated functionalization with different therapeutic agents, thus to achieve the multifunctions within one nanoplatform.[@b24-ijn-12-7351] In particular, such precisely engineered multifunctional NPs can simultaneously target cancer cells, enable the location of therapeutic agents and consequently release drugs triggered by an external stimulus.[@b25-ijn-12-7351] Though the actions of melatonin on cancer target potential and anticancer effect (both oncostatic effect and efficiency enhancement when combined with other modalities) have been confirmed, so far to the best of our knowledge, little attention has been paid on melatonin-based multifunctional NPs formulation for cancer target multimodality treatment. As the first trial, our work provided a proof-of-concept study to demonstrate the successful fabrication of melatonin-based multifunctional nanoplatform and its potential in cancer target multimodality treatment.

In the current study, poly(lactic-co-glycolic acid) (PLGA), owing to its excellent biocompatibility and biodegradability, was employed as the matrix for the fabrication of nanocarriers within which both the magnetic NPs (MNPs) and melatonin can be incorporated. Such nano-therapeutic agents can realize the sustainable release of melatonin. Besides, upon exposure to the alternative magnetic field (AMF), inductive heat can be generated through Neel relaxation or Brownian movement mediated by the MNPs. While the heat can directly kill the cancer cells, more importantly, it can also promote or facilitate the drug release and possible synergistic effect can be achieved between hyperthermia and melatonin. Another significance of the multifunctional nanoplatform is that the target ability of melatonin can be depicted as our results demonstrated that compared with blank PLGA NPs, more cellular internalization can be achieved by the melatonin-loaded PLGA NPs. Our results suggest the great potential of magnetic melatonin nano-therapeutic agents as multifunctional devices for target multimodality treatment of human breast cancer.

Materials and methods
=====================

Main agents
-----------

Melatonin (\>98.0% purity) was supplied by Tokyo Chemical Industry (TCI, Tokyo, Japan). Iron (III) acetylacetonate (Fe\[acac\]~3~), polyvinyl alcohol (PVA, 87%--90% hydrolyzed, wt. 30,000--70,000) and PBS (pH 7.4) were purchased from Sigma-Aldrich (St Louis, MO, USA). Methylbenzene, oleylamine, and dichloromethane (DCM) were obtained from Sinopharm Group Co., Ltd. (Beijing, China). PLGA (50:50, wt. 90,000) was purchased from Jinan Daigang Biomaterial Co., Ltd. (Shangdong, China). High-glucose DMEM (H-DMEM), Roswell Park Memorial Institute 1640 medium (RPMI 1640), fetal bovine serum (FBS), penicillin--streptomycin (PS), trypsin-EDTA (0.25%) were purchased from Gibco (Life Technologies, Carlsbad, CA, USA). Cell Counting Kit-8 (CCK-8 assay) were obtained from Dojindo Molecular Technologies Inc. (Kumamoto, Japan). Rhodamine phalloidin and Coumarin-6 were supplied by Melone Pharmaceutical Co., Ltd. (Dalian, China). Deionized (DI) water was used throughout the study. All other chemicals and reagents were of analytical grade from commercial sources.

Synthesis of iron oxide MNPs as magnetic hyperthermia agents
------------------------------------------------------------

Iron oxide (Fe~3~O~4~) MNPs (IO-MNPs) were synthesized through the thermal decomposition method as reported previously by Sun et al.[@b26-ijn-12-7351] In a typical synthesis process, Fe(acac)~3~ was employed as precursor with toluene as reaction medium, and oleylamine as both surfactant and reducing agent. Briefly, Fe(acac)~3~ (1 mmol) was dissolved in 20 mL of methylbenzene and 5 mL oleylamine under mild stirring. The red solution was then transferred into a Teflon-liner stainless-steel autoclave (40 mL in total capacity) and kept at 180°C for 12 h. After natural cooling, the product was precipitated and washed with ethanol and hexane alternatively for 3 times. The final product was dispersed in hexane for further use.

Fabrication of melatonin-loaded magnetic nanocomposite particles (Melatonin-MNPs)
---------------------------------------------------------------------------------

Melatonin-MNPs were fabricated by the single emulsion solvent extraction/evaporation method as described in our previous publication.[@b27-ijn-12-7351] Briefly, 110 mg PLGA, 10 mg melatonin and 30 mg the as-synthesized IO-MNPs were mixed with 8 mL DCM. The mixture was magnetically stirred until both PLGA and melatonin completely dissolved while IO-MNPs homogenously dispersed within the DCM. The suspension was added dropwise into 120 mL aqueous phase with PVA (5%, w/w) as surfactant. The mixture was then emulsified by probe sonicator with 300 W in pulse mode for 180 s. The formed oil-in-water emulsion was then stirred overnight at room temperature for the complete evaporation of DCM. Same protocol was applied to prepare the melatonin-free MNPs (without adding melatonin) and melatonin-loaded PLGA NPs (without adding IO-MNPs). The polymer solution can also contain 0.05% (w/v) coumarin-6 as fluorescent marker probe for the cellular uptake observation. The various kinds of resultant particles were harvested by centrifugation at 12,000 rpm for 10 min and washed 3 times with DI water.

Characterizations of Melatonin-MNPs
-----------------------------------

Surface morphology of IO-MNPs, melatonin-loaded PLGA NPs and Melatonin-MNPs was imaged by the scanning electronic microscopy (SEM, S-4800, Hitachi, Tokyo, Japan) at an accelerating voltage of 10 kV. Samples were coated with platinum by high-resolution ion beam coater (Gatan, model 681, München, Germany) for 300 s at 4.2 TORR before loading into the instrument chamber. The shape and surface morphology of the aforementioned 3 types of particles were also investigated by transmission electronic microscopy (TEM, HT7700, Hitachi), in which the suspensions of the particle samples were dropped onto the surface of copper grid with carbon film and dried at room temperature. Size and size distribution of the as-prepared particles were measured by the dynamic light scattering (NANOPHOX). The samples were prepared by diluting the particle suspension with DI water to a count rate of 300 kcps and sonicated for 5 min before the measurement. The mass ratio of IO-MNPs loading within the Melatonin-MNPs was analyzed with thermal gravimetric analysis (TGA, Q5000 IR) from room temperature to 600°C at the atmosphere of air.

Magnetic and inductive heating properties of Melatonin-MNPs
-----------------------------------------------------------

The magnetic properties of both IO-MNPs and Melatonin-MNPs were measured by vibrating sample magnetometer (VSM730T). Induced heating properties of the IO-MNPs and Melatonin-MNPs were performed by exposing the suspensions of various particle concentrations under the AMF of 282 kHz, 9.3 kA/m generated by inductive heating device (Shuangping Instrument Technology, Co., Ltd., Shenzhen, China). Optical fiber probe (ThermAgile-RD; Xi'an Heqi Opto-Electronic Technology Co., Ltd., Shaanxi, China) was applied for the real-time temperature measurement. The probe fibers were connected to a 4-channel millivoltmeter and the data were collected every 2 s.

Loading ratio (LR), encapsulation efficiency (EE) of melatonin and in vitro release
-----------------------------------------------------------------------------------

The LR and EE of melatonin within the Melatonin-MNPs were calculated by the following equations: $$\text{LR}\% = \frac{W_{\text{Melatonin}}}{W_{\text{Melatonin}} + W_{\text{IO-MNPs}} + W_{\text{PLGA}}} \times 100\%$$ $$\text{EE}(\%) = \frac{W_{\text{Melatonin}\ \text{entrapped}\ \text{within}\ \text{the}\ \text{Melatonin-MNPs}}}{W_{\text{Melatonin}\ \text{during}\ \text{the}\ \text{Melatonin-MNPs}\ \text{fabrication}}} \times 100\%$$

The LR and EE of melatonin within the Melatonin-MNPs and in vitro release were determined by high-performance liquid chromatography (HPLC, 1290 Infinity Binary Pump, Agilent, Santa Clara, CA, USA). A reverse-phase Eclipse XDB-C18 column (250×4.6 mm, pore size 5 μm, Agilent Technologies) was used. 10 mg Melatonin-MNPs was dissolved in 1 mL DCM, and 5 mL mobile phase (acetonitrile--water, 55:45) was added to extract melatonin. A flowing nitrogen atmosphere was introduced to evaporate the DCM until a clear solution was obtained. The solution was then put into HPLC vial and a 20-μL aliquot of the sample was injected into the HPLC system. Mobile phase was delivered at a flow rate of 1.0 mL/min and the column efficient was detected at 222 nm with an ultraviolet detector.

The in vitro release of melatonin from the Melatonin-MNPs was measured in triplicate in PBS (pH 7.4). Melatonin-MNPs 10 mg was suspended in 10 mL buffer solution in centrifuge tube. Then, the tubes were placed in an orbital shaking bath, which were maintained at 37°C and shaken horizontally at 50 rpm. At designated time intervals, the tubes were taken out of the water bath and centrifuged at 12,000 rpm for 10 min. The precipitated Melatonin-MNPs were resuspended in 10 mL of fresh buffer before being put back in the shaker bath. The supernatant was taken for analysis of melatonin concentration, which was extracted with 1 mL of DCM and followed by adding 3 mL of the mobile phase as aforementioned, then evaporated until a clear solution was obtained under a stream of nitrogen. HPLC analysis was then conducted as previously described. To study the effect of heat stimulus on the drug release, samples were exposed under the AMF for 20 min before the extraction of the melatonin.

Cell culture and cellular uptake of Melatonin-MNPs
--------------------------------------------------

MCF-7 human breast cancer cells (acquired from ATCC) were routinely cultured with H-DMEM supplemented with 10% FBS and 1% PS solution at 37°C with 5% CO~2~ atmosphere. Cells were seeded in 6-well plate at a density of 10^4^ cells/well and co-incubated with 100 μg/mL coumarin-6-loaded Melatonin-MNPs or melatonin-free MNPs for 1, 2, 4 and 8 h. Following the removal of the particle containing medium, the cell monolayers were rinsed 3 times with cold PBS to remove the excess particles that were not taken up by the cells. Then, cells were fixed with 4% paraformaldehyde for 30 min, washed with PBS for 3 times and stained by 1.5 mL rhodamine phalloidin (50 μg/mL) for 15 min. Finally, cells were washed again to remove the remaining rhodamine phalloidin. The cells were viewed and imaged by using a confocal laser scanning microscope (CLSM, Zeiss LSM 780, Carl Zeiss Meditec AG, Jena, Germany) equipped with the Fluoview FV300 imaging software. Fluorescein isothiocyanate filter was selected to get images for coumarin-6-loaded NPs and rhodamin phalloidin-stained cytoskeleton. The average fluorescence intensity of NPs was calculated using the histo mode of CLSM.

Exposure to metal bath heating and magnetic hyperthermia
--------------------------------------------------------

MCF-7 cells in the exponential phase seeded in 96-well plate were subjected to heating treatment and 2 heating modes were applied in the current investigation. Cells were divided into 4 groups: the negative control group in which cells were routinely cultured (group A); the metal bath heating group (group B); the magnetic hyperthermia group (group C); and the positive control group where cells were exposed under AMF (group D). For the metal bath heating (group B), cells were heated at 37°C, 40°C, 43°C, 46°C, 50°C for 20 min on the metal bath (Dry Bath Incubator, DH300; Hangzhou Ruicheng Instrument Co., Ltd., Zhejiang, China). Under the mode of magnetic hyperthermia, cells were co-incubated with melatonin-free MNPs and then subjected to AMF. Upon heating treatment, the field intensity of the AMF was carefully adjusted to obtain the desired hyperthermic temperatures which was same with the temperature of group B. For both heating modes, the temperature was monitored by the optical fiber probe as aforedescribed. In order to elucidate the effect of AMF exposure on the cytotoxicity of MCF-7 cells, a positive control group (group D) was set for cell AMF exposure only. Routinely cultured cells were exposed under the same condition as the cells subjected to magnetic hyperthermia. The cells were incubated for another 2 h before viability analysis by CCK-8 assay, the absorbance of which was determined at 450 nm by spectrophotometry of a microplate reader (Varioskan LUX; Thermo Fisher Scientific Inc., Waltham, MA, USA).

In vitro cytotoxicity of melatonin treatment
--------------------------------------------

To test the in vitro cytotoxicity of melatonin treatment, melatonin solution in H-DMEM medium of various concentrations (5.000, 1.000, 0.500, 0.100, 0.050, 0.010, 0.005, 0.001, 0 μg/mL) were prepared first. Then MCF-7 cells in the exponential phase were detached, counted and seeded in 96-well plate at a concentration of 1.5×10^3^ cells/mL. After 24 h incubation, the original medium was sucked out and 200 μL melatonin solution was added into each hole for further incubation. The viability of cells was measured by CCK-8 assay test at 24, 48 and 72 h. And the 50% inhibitive concentration value (IC~50~) was calculated from polynomial regression analysis by SPSS (IBM7 SPSS Version 23) for windows.[@b28-ijn-12-7351]

In vitro cytotoxicity of magnetic nano-thermotherapy combined with melatonin mediated by Melatonin-MNPs
-------------------------------------------------------------------------------------------------------

In order to measure the in vitro cytotoxicity of magnetic nano-thermotherapy combined with melatonin mediated by Melatonin-MNPs, MCF-7 cells in the exponential phase seeded in 96-well plate at a concentration of 1.5×10^3^ cells/mL were divided into 4 groups, namely, control group in which cells were routinely cultured (group A); melatonin treatment group (Group B) in which cells were cultured in the 10 μg/mL melatonin containing cultural medium; magnetic hyperthermia group (Group C) in which cells were co-incubated with melatonin-free MNPs containing cultural medium and bimode treatment group (Group D, magnetic hyperthermia combined with melatonin treatment) in which cells were cultured in the medium with Melatonin-MNPs. Cells in Groups C and D were exposed under AMF for magnetic heating mediated by the particles inside the medium, the so-called "inside-out" hyperthermia. After heating, the cells were incubated for another 2 h before viability assay by CCK-8 assay test as previously described.

Statistical analysis
--------------------

All data were presented as the mean ± standard error. Statistical analysis was performed using one-way analysis of variance followed by a Newman--Keuls post hoc *t*-test with the SPSS (IBM7 SPSS Version 23) for windows. *P*-values \<0.05 were considered statistically significant.

Results
=======

The schematic illustration for structure of Melatonin-MNPs is shown in [Figure 1](#f1-ijn-12-7351){ref-type="fig"}. PLGA NPs are taken as the matrix to co-incorporate melatonin and IO-MNPs. [Figure 2](#f2-ijn-12-7351){ref-type="fig"} shows the morphology and size distribution of IO-MNPs, melatonin-loaded PLGA NPs and Melatonin-MNPs. IO-MNPs coated with oleic acid and oleylamine have been successfully synthesized by the one-pot thermal decomposition method. The as-synthesized IO-MNPs were highly monodispersed and non-agglomerated ([Figure 2A2](#f2-ijn-12-7351){ref-type="fig"}). The particle size was found to be 15--20 nm, which is in the superparamagnetic size range ([Figure 2A3](#f2-ijn-12-7351){ref-type="fig"}). IO-MNPs synthesized by the decomposition method were hydrophobic as they could be homogeneously dispersed in hexane (insertion in [Figure 2A2](#f2-ijn-12-7351){ref-type="fig"}) and kept stable for at least 1 month. The super-hydrophobic property of IO-MNPs is favorable for the fabrication of Melatonin-MNPs by the single emulsion method, as the IO-MNPs could be readily and stably dispersed in organic phase with PLGA. As revealed by [Figure 2C2](#f2-ijn-12-7351){ref-type="fig"}, IO-MNPs are homogenously dispersed within the PLGA matrix. By comparing the SEM and TEM images of melatonin-loaded PLGA NPs and Melatonin-MNPs, it can be noticed that both particles are with regular spherical shape and smooth surface without any noticeable pinholes, tiny pores or cracks ([Figure 2B1 and C1](#f2-ijn-12-7351){ref-type="fig"}), indicating that the incorporation of IO-MNPs would not interfere the formation or the surface morphology of the PLGA NPs. [Figure 2C1](#f2-ijn-12-7351){ref-type="fig"} also demonstrates that no free IO-MNPs could be observed on the surface of particles. Such phenomenon can also be attributed to the super-hydrophobicity of the IO-MNPs so that the IO-MNPs would rather stay inside the inner part of polymer matrix but not on the surface. More importantly, the encapsulation of the IO-MNPs would result in almost unnoticeable size change as compared with that of the melatonin-loaded PLGA NPs. It can be seen that both the IO-MNPs and melatonin-loaded PLGA NPs have very similar size (200\~250 nm) and size distribution ([Figure 2B3 and C3](#f2-ijn-12-7351){ref-type="fig"}). Particle size is a key factor in the cellular uptake, as will be discussed later.

It was difficult to quantify the mass ratio of IO-MNPs loading within the Melatonin-MNPs solely based on the TEM images, hence the TGA analysis was performed. The weight loss below 200°C, as illustrated in [Figure 3A](#f3-ijn-12-7351){ref-type="fig"}, which is attributed to the evaporation of absorbed water, is negligible for both Melatonin-MNPs and melatonin-loaded PLGA NPs. Weight loss at 200°C\~500°C may account for the mass loss of polymer. The difference in weight loss between these 2 particles was shown to be about 8%, which can be attributed to the load of IO-MNPs within the Melatonin-MNPs. The magnetic properties of IO-MNPs and Melatonin-MNPs were evaluated by field-dependent magnetization M-H measurements at 300 K using a VSM. As shown in [Figure 3B](#f3-ijn-12-7351){ref-type="fig"}, both Melatonin-MNPs and IO-MNPs show superparamagnetic behaviors for neither coercivity nor remanence were observed. The saturation magnetization (Ms) of the IO-MNPs was determined to be 55.04 emu/g. After emulsion within the PLGA matrix, though the superparamagnetic nature of IO-MNPs was not affected, Ms was observed to drop down to 11.31 emu/g. Such decreased Ms was attributed to the decreased effective weight fraction of the magnetic core within the Melatonin-MNPs.

The inductive heating property of the as-prepared particles was studied in order to evaluate their potential as mediators for magnetic hyperthermia. IO-MNPs suspended in hexane and Melatonin-MNPs suspended in PBS with various particle concentrations were exposed under an AMF and the heating profiles are shown in [Figure 3C and D](#f3-ijn-12-7351){ref-type="fig"}. It was observed that rapid temperature increase can be achieved by AMF exposure and higher particle concentration would result in a greater increase of temperature. The desired temperature was achieved by appropriately choosing the particle concentration, which guaranteed the temperature requirements for the cancer hyperthermia treatment.

EE and sustainable release of melatonin within the Melatonin-MNPs plays an important role in the delivery formulation and directly affects the therapeutic effect. In the current study, EE and cumulative release of melatonin were evaluated by HPLC assay and a typical chromatogram for melatonin under the current HPLC conditions is presented in [Figure 4](#f4-ijn-12-7351){ref-type="fig"}. LR and EE of melatonin within the particle matrix were calculated to be 0.2% and 71.7% based on the fabrication protocol as aforedescribed. The in vitro release profiles were obtained by representing the percentage of released melatonin with respect to the amount of melatonin loaded within Melatonin-MNPs. The accumulative release profiles of melatonin from the Melatonin-MNPs at normal body temperature and heating exposure within 14 days are shown in [Figure 4](#f4-ijn-12-7351){ref-type="fig"}, it can be noticed that there is an initial burst release in the first 2 days, during which period, 37.5% and 53.5% of melatonin were released from the Melatonin-MNPs at normal body temperature and heating exposure, respectively. In the following days, melatonin was released in a tardy manner. The burst release phenomenon was attributed to the melatonin loaded near the surface of Melatonin-MNPs, and the later sustainable release of melatonin was due to the encapsulation of PLGA. [Figure 4](#f4-ijn-12-7351){ref-type="fig"} also clearly demonstrates that Melatonin-MNPs can realize the heat-responsive delivery of melatonin by exposing the Melatonin-MNPs to an external AMF, which would greatly facilitate the melatonin release from the vehicles.

The cellular uptake of the PLGA NPs by MCF-7 cells after designated incubation time was qualitatively evaluated using CLSM. Here, we compared the cellular uptake efficiency between the PLGA NPs with or without melatonin incorporation to show that the melatonin-loaded NPs could be more efficiently internalized into the MCF-7 cells. [Figure 5A](#f5-ijn-12-7351){ref-type="fig"} shows the confocal images of MCF-7 cells incubated with the PLGA NPs with or without melatonin incorporation. The green fluorescence represents coumarin-6-loaded NPs, while the red fluorescence represents the cytoskeleton of MCF-7 cells stained by rhodamine phalloidin. It can be observed from those images that coumarin-6-loaded NPs scattering within the rhodamine-phalloidin stained cytoskeleton, suggesting that the NPs have been internalized into the cytoplasm of MCF-7 cells. By comparing the 2 types of confocal images, it could be observed that more green fluorescence NPs appear within the cells incubated with melatonin-loaded PLGA NPs, indicating a higher cellular uptake efficiency of the melatonin-incorporated NPs. It was further confirmed by the fluorescence intensity of NPs ([Figure 5B1](#f5-ijn-12-7351){ref-type="fig"}), which showed that the cellular uptake efficiency of PLGA NPs with melatonin incorporation was 2 times higher than that of PLGA NPs without melatonin incorporation. Such phenomenon is time-dependent; as it can be seen from [Figure 5A](#f5-ijn-12-7351){ref-type="fig"}, longer incubation time would result in stronger green fluorescence intensity. [Figure 5B2](#f5-ijn-12-7351){ref-type="fig"} shows 3-dimensional analysis of the confocal image of the cells incubated with the fluorescent PLGA NPs, which clearly demonstrates the fluorescent signals inside the cells and not just attached to the cell membrane. The result shows that not only could the melatonin function as a biological therapeutic agent, but also as a targeting ligand to enhance the internalization of the NPs into the MCF-7 cells, as will be discussed later.

In order to demonstrate the unique advantages of Melatonin-MNPs as mediators for multimodality of cancer treatment, first, the effects of hyperthermia treatment of MCF-7 cells by different heating modes (IO-MNPs-mediated magnetic heating or metal bath heating) were compared. It can be noticed from [Figure 6A](#f6-ijn-12-7351){ref-type="fig"} that exposure under the AMF had negligible effects on the cell proliferation, and this suggests that during the process of magnetic heating, AMF has little contribution to the cell proliferation. MCF-7 cells are rather heat-resistant by metal-bath heating, as the heating temperature of 43°C has very little effect on the viability of cells and such effect is independent of the post-hyperthermia recovery time. It can be noticed that the normalized cell viability keeps around 107.11%, 99.64% or 98.31% at 24, 48 or 72 h after the heating treatment, respectively ([Figure 6B](#f6-ijn-12-7351){ref-type="fig"}). The inhibitory effect of hyperthermia on the cell viability happens at higher temperature (\>46°C) and such effect is time-dependent, as longer incubation time after the heating treatment would cause more remarkable decrease in the cell viability. The effects of heating modes under the same thermal dose were compared, and the results are shown in [Figure 6C](#f6-ijn-12-7351){ref-type="fig"}. It can be seen that there exist distinguished differences in the cell viability under the same thermal dose (46°C for 20 min) for both heating modes. Magnetic heating mediated by magnetic nanocomposite PLGA particles would result in a significant decrease of the cell viability with the same thermal dose, and such difference is independent of the post-heating recovery time.

CCK-8 assay was carried out to verify the impact of melatonin on MCF-7 breast cancer cells after 24, 48 and 72 h incubation. As shown in [Figure 7](#f7-ijn-12-7351){ref-type="fig"}, the antiproliferation effect of melatonin on MCF-7 cells are concentration-dependent in the range of 1 ng/mL \~1 μg/mL. Generally speaking, lower concentration (0--10 ng/mL) has little effect on the cell proliferation, and after calculation, the IC~50~ values for melatonin on MCF-7 cells were 1.48, 2.76 and 2.54 μg/mL for 24, 48 and 72 h, respectively. Therefore, the concentration of 1 μg/mL was adopted for the following study. The viability data of MCF-7 cells subjected to mono-treatment (melatonin treatment or nano-thermotherapy) and melatonin combined with nano-thermotherapy based on Melatonin-MNPs are illustrated in [Figure 8](#f8-ijn-12-7351){ref-type="fig"}. Assessment of viable MCF-7 cells after various treatments showed mono-treatment such as melatonin and nano-thermotherapy could inhibit the proliferation of cells, and cell viability decreased with increased post-treatment time. When the bimodal treatment was applied on the cells, an even significantly greater decrease was noticed on the cell viability (*P*\<0.001), indicating a thermal enhancement effect of hyperthermia on melatonin.

Discussion
==========

The studies about melatonin on human breast cancer can be traced back to 1981,[@b29-ijn-12-7351] when Bartsch et al showed that compared with healthy people, Indian women with advanced breast cancer had diminished urinary levels of melatonin. Since then, great attention has been paid on the oncostatic effect on breast cancer and studies have revealed that melatonin-mediated circadian regulation, the metabolic and molecular signaling mechanisms may be involved in breast cancer growth.[@b30-ijn-12-7351] However, some significant inconsistence was also noticed on the results published on melatonin's effect on breast cancer cells. For instance, there exists magnitude difference in the effective concentration of melatonin on the antiproliferation effect on MCF-7 cells. It was proposed by David E. Blask that only at concentrations corresponding to the physiological range (10^−9^ M and 10^−11^ M) could suppress the proliferation on MCF-7 cells while the pharmacological (10^−5^ M and 10^−7^ M) and sub-physiological (10^−13^ M and 10^−15^ M) ranges have no such effect.[@b10-ijn-12-7351] However, their data were in contradiction with results from 2 independent studies recently published. By applying different concentrations of melatonin (0--100 nM), Nooshinfar et al could not find any significant difference in the viability index of MCF-7 cells, which is in accordance with our observation as shown in [Figure 7](#f7-ijn-12-7351){ref-type="fig"}.[@b31-ijn-12-7351] Sabzichi et al conducted similar work and their result demonstrated that the IC~50~ value for melatonin on MCF-7 cells after 24 h co-incubation was 1.3±0.4 mM, which is almost 10^6^ higher than Blask and Hill's results.[@b32-ijn-12-7351] Such great difference in cell anti-proliferation effect of melatonin on MCF-7 strongly suggests that systematic study of the basic data of melatonin on MCF-7 is still highly needed. Our study covers the concentration range of melatonin from 1 ng/mL to 1 μg/mL and we analyzed the IC~50~ values for 24, 48 and 72 h continuously. While we did not observe noticeable change caused by melatonin in the very low concentration (physiological range), the IC~50~ values were not in the range of mM as proposed by O Molavi. Our findings may give some hints on the basic study of the antiproliferative effect of melatonin on MCF-7 cells.

Hyperthermia, the procedure of raising the temperature of tumor tissue, has been rapidly becoming a clinical reality for cancer treatment when combined with various established cancer treatments.[@b33-ijn-12-7351] Though the detailed biological basis of hyperthermia on cancer treatment is still under thorough investigation, it has been widely recognized that the possible effects may include protein or nucleic acid denaturation, alterations in the fluidity and stability of cellular membrane, induction to changes of the cytoskeletal organization or changes in tumor microcirculation and vasculature, etc. While conventional hyperthermia protocols could not discriminate the rumors and normal tissues nearby, the nonselective heating performance may lead to serious side effects. NP-based hyperthermia, or termed as nano-thermotherapy, is highly expected to have great potential for the revolutionalization of current hyperthermia methods.[@b34-ijn-12-7351] Heat can be generated through the NPs infused within the tumor issue by absorbing the energy from an external source and thus realize the so-called "inside-out" hyperthermia, in a way to induce selective heating only within the tumor site while minimizing the adverse effect on nearby tissues. In the current study, based on the hyperthermic effects of MNPs subject to AMF, the effect of nano-thermotherapy on the MCF-7 cells were investigated. Except for the unique feature associated with the heating protocol, our work has demonstrated the superior hyperthermic cytotoxicity by comparing the effect of heating treatment in response to the application of exogenous heating source (metal bath) with corresponding effect induced by magnetic nano-thermotherapy under the same thermal dose. It was revealed from our observations that for the same thermal dose, magnetic nano-thermotherapy can lead to a more remarkable decrease in cell vitality than the corresponding exogenous heating by metal bath. Such phenomenon can be understood by the cellular uptake of the NPs. Not like the exogenous heating mode, magnetic nano-thermotherapy can rapidly form heating foci inside the cancer cells. Such "inside-out hyperthermia" may lead to more significant cytotoxic effect than the conventional "out-inside hyperthermia", as the cell membrane is normally regarded as a thermal insulator to protect the cells from heat injury.

In recent years, though much attention has been paid to the combination effect of hyperthermia and melatonin on cancer treatment, few studies have been carried out on the effect of nano-thermotherapy combined with melatonin. In the current study, for the first trial, heat mediator (magnetic NPs) and melatonin were co-incorporated with PLGA nanocomposite platform. The results presented here illustrate that the bimodal treatment, which combining the nano-thermotherapy and melatonin, will lead to more significant cell cytotoxicity compared with either single treatment. Melatonin can potentiate the cytotoxic response of MCF-7 cells exposed to hyperthermia, and such effect is dependent on the target temperature and recovery period. Most noticeable effect happened to higher temperature with long recovery period (46°C, 48 h). The detailed underlying molecular mechanisms on the ability of melatonin to attenuate the cytotoxic response to hyperthermia should be necessarily elucidated by further analysis.

Another advantage of the Melatonin-MNPs is that the as-synthesized nanocomposite can be readily internalized within the MCF-7 cells by cellular uptake as indicated by [Figure 5B](#f5-ijn-12-7351){ref-type="fig"}, so as to achieve the intracellular drug treatment. Besides, as shown in [Figure 4](#f4-ijn-12-7351){ref-type="fig"}, the sustainable melatonin release can be controlled by heat-trigger. Melatonin can be released faster from the NP matrix upon stimulation by the magnetic heating. Two possible mechanisms may account for the promoted drug release from the PLGA matrix by heat. One is the facilitated effect on molecular diffusion of melatonin at higher temperature and another can be attributed to the phase transition of the polymer under higher temperature, that is, from crystalline phase to amorphous phase, so the drug can be easily released.

Since the early 2000s, research and development in the field of cancer nanotechnology has experienced an exponential growth and is currently progressing at a steady rate.[@b35-ijn-12-7351] One of the advantages of novel cancer nanotherapies over conventional small-molecule treatment is reflected in the enhanced drug uptake and selective intracellular accumulation in cancer cells based on both passive and active targeting, thus alleviating unwanted toxicity to normal tissues. The passive targeting, based on enhanced permeability and retention (EPR) effect, is caused by the leaky blood vessels within tumors with trans-vascular endothelium gaps ranging between 100 and 2,000 nm, which depends on the tumor type. The particle size of as-synthesized Melatonin-MNPs is about 250 nm, which definitely meets the requirement of EPR effect. More importantly, the nano-sized Melatonin-MNPs have great potential to be uptaken by MCF-7 cancer cells through various mechanisms, including endocytosis in a way to effectively avoid the drug-resistance mechanisms to conventional small-molecule drug, such as multidrug resistance efflux transporters, hence enhancing cellular accumulation of the cytotoxic agents and also inducing the so-called intracellular drug treatment. Particle size plays a very important role in the fate of cellular uptake for the NPs. Previous results from in vitro investigation, theoretical prediction as well as computer simulation are in accordance with each other and it is well established that particles with size ranging from 100 to 200 nm may have the best effects for cellular uptake. For our case, the particle size is about 250 nm, very near to the optimal size range.

Except for passive targeting, active targeting, also called ligand-mediated targeting, which utilizes a high-affinity targeting ligand for selective recognition through a specific receptor or antigen overexpressed on the surface of the cancer cells, is also an important and effective mechanism for the specific retention and uptake by the cancer cells. For this purpose, proper surface functionalities should be performed by coating with the targeting ligand enabling specific binding to a receptor or antigen overexpressed on the cell surface of malignant cells. It has been fully acknowledged that monoclonal antibodies demonstrate excellent tumor-binding specificity. However, the high cost, low availability and the required difficulties in incubation limit the application of monoclonal antibodies as a targeting agent. Therefore, it would be significant to develop cheap and easily acquired molecules as targeting moiety for potential clinical application. It has been well documented that melatonin signals through activation of at least 2 high-affinity G-protein coupled receptors, the MT1 and MT2.[@b36-ijn-12-7351] The oncostatic actions of melatonin appears to be mediated primarily through the activation of MT1 melatonin receptors. In our study, by comparing the efficiency in cellular uptake of NPs with and without melatonin loading, it thus can be obviously noticed that melatonin can promote cellular uptake of the NPs by the MCF-7 cells, which overexpress GLUTs ([Figure 1](#f1-ijn-12-7351){ref-type="fig"}). Our findings can strongly indicate that melatonin can effectively enhance the specificity of the nanodevices to the tumor cells by enhancing cellular uptake and accumulation.

Conclusion
==========

In summary, the present study gave the first trial to fabricate the precisely engineered melatonin-loaded multifunctional NPs and to demonstrate the potential in cancer target multimodality treatment. Unique properties of melatonin on anti-cancer treatment, including antiproliferation effect on MCF-7 cells, active targeting to cancer cells based on facilitated transport by GLUT1 overexpressed on cell membrane, as well as the potentiated effect on nano-thermotherapy can by fully exploited within the multifunctional nanoplatform. Our findings may give new insight on the potential application of melatonin in cancer nanotechnology.
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![Schematic illustration of the structure of Melatonin-MNPs and the treatment process of cancer in vitro using Melatonin-MNPs.\
**Abbreviations:** AMF, alternative magnetic field; MNPs, magnetic nanocomposite particles; PLGA, poly (lactic-co-glycolic acid).](ijn-12-7351Fig1){#f1-ijn-12-7351}

![Scanning electronic microscopy and transmission electronic microscopy images of Fe~3~O~4~ magnetic NPs (**A1**, **A2**), PLGA NPs (**B1**, **B2**), and Melatonin-MNPs (**C1**, **C2**). **A3**, **B3** and **C3** are the DLS graphs of Fe~3~O~4~ magnetic NPs, PLGA NPs and Melatonin-MNPs, respectively.\
**Abbreviations:** DLS, dynamic light scattering; MNPs, magnetic nanocomposite particles; NPs, nanoparticles; PLGA, poly (lactic-co-glycolic acid).](ijn-12-7351Fig2){#f2-ijn-12-7351}

![(**A**) TGA curves for melatonin, PLGA and Melatonin-MNPs. (**B**) Hysteresis curve of original Fe~3~O~4~ NPs and Melatonin-MNPs. Hyperthermia study showing the time-dependent temperature rise of Fe~3~O~4~ (**C**) and Melatonin-MNPs (**D**) suspensions under a alternative magnetic filed with intensity of 9.3 kA/m at 282 kHz frequency.\
**Abbreviations:** TGA, thermal gravimetric analysis; MNPs, magnetic nanocomposite particles; NPs, nanoparticles; PLGA, poly (lactic-co-glycolic acid); DI, deionized water.](ijn-12-7351Fig3){#f3-ijn-12-7351}

![Cumulative release of melatonin from the Melatonin-MNPs under the shaking bath both at 37°C and exposed to an alternative magnetic field for 20 mins each day.\
**Abbreviation:** MNPs, magnetic nanocomposite particles.](ijn-12-7351Fig4){#f4-ijn-12-7351}

![(**A**) Cellular uptake efficiency of both PLGA and melatonin/PLGA NPs at concentration of 100 μg/mL in MCF-7 cells. PLGA was designed as the control to examine the targeting effect of melatonin on MCF-7 cell line. The images were taken by laser scanning confocal microscope (LSM780). Cytoskeleton was stained by rhodamine--phalloidin (red), the nuclei of cells were stained by DAPI (blue) and coumarin-6 was loaded in Melatonin-MNPs to track the NPs (green). (**B1**) The fluorescence intensity of NPs (green) after 8 h incubation with MCF-7 cells; (**B2**) three-dimensional images from different perspectives of MCF-7 cells using the Z-stack model of laser scanning confocal microscope.\
**Abbreviations:** MNPs, magnetic nanocomposite particles; NPs, nanoparticles; PLGA, poly(lactic-co-glycolic acid).](ijn-12-7351Fig5){#f5-ijn-12-7351}

![The viability of the MCF-7 cells after treatment with different conditions. (**A**) The cell survival after exposure to AMF of different intensities for 10 mins. (**B**) The cell viabilities after incubation under different temperature surroundings for 20 mins with metal bath every 24 h. (**C**) The survival of MCF-7 cells after treating with metal bath hyperthermia or magnetic hyperthermia at 46°C, the control group was incubated at 37°C, n=6; \**P*\<0.05; \*\**P*\<0.001.\
**Abbreviation:** AMF, alternative magnetic field.](ijn-12-7351Fig6){#f6-ijn-12-7351}

![The cell viability after incubation with different concentration of melatonin solution to find the optimal concentration for melatonin treatment, n=6; \**P*\<0.05; \*\**P*\<0.001.](ijn-12-7351Fig7){#f7-ijn-12-7351}

![(**A**, **B**) In vitro cytotoxicity of hyperthermia therapy combined with melatonin treatment mediated by Melatonin-MNPs compared with the hyperthermia therapy or melatonin treatment alone, n=6; \**P*\<0.05; \*\**P*\<0.001.\
**Abbreviation:** MNPs, magnetic nanocomposite particles.](ijn-12-7351Fig8){#f8-ijn-12-7351}
